Prepulse inhibition (PPI) of the startle response is sensitive to sex, with healthy young women showing less PPI compared with age-matched men, and varies according to the menstrual cycle phase in women. Relatively less is known regarding sex and hormonal influences in prepulse facilitation (PPF). Menstrual phase-related variability in PPI is suggested to be mediated by fluctuating estrogen level, based on the observations of more PPI in women during the follicular, relative to the luteal, phase. No study has directly assessed the relationship between fluctuating hormones and PPI or PPF levels over the human ovarian cycle. To examine the roles of circulating ovarian hormones in PPI and PPF, 16 non-smoking regularly menstruating healthy women were tested during both the follicular and luteal phases on PPI and PPF and provided saliva samples for measurement of 17b-estradiol (estrogen), progesterone and testosterone. The results showed higher levels of 17b-estradiol and progesterone during the luteal, relative to the follicular, phase; and more PPI during the follicular phase and more PPF during the luteal phase with comparable startle amplitude and habituation during the two phases. A larger increase in progesterone was associated with a smaller decrease in PPI from the follicular to the luteal phase. No significant associations were found between changes in PPI/PPF and estrogen levels. The findings confirm lower PPI during the luteal, compared with the follicular, phase and suggest a role for progesterone, more specifically an antipsychotic-like PPI-restoration action of progesterone, during the luteal phase in PPI of young women.
INTRODUCTION
Prepulse-elicited startle modulation is increasingly used as a measure of information processing in both clinical and non-clinical populations as well as in experimental animals (for reviews, see Braff et al, 2001; Geyer et al, 2001) . A reduction in amplitude of the startle response when the startling stimulus is preceded by a weak prepulse by 30-500 ms is known as prepulse inhibition (PPI), and a facilitation in amplitude of the startle response when the startling stimulus is preceded by a weak prepulse by 4500 ms is known as prepulse facilitation (PPF) (Hoffman and Searle, 1968; Graham, 1975) . PPI is thought to provide an operational index of sensorimotor gating; while resources are targeted at the prepulse, any incoming information (ie, the pulse) is attended to a reduced level thereby protecting the processing of the initial stimulus (Graham and Murray, 1977) . A reduced ability to avoid such stimulus interference may cause sensory over-stimulation and confusion (Braff and Geyer, 1990) , as observed, for example, in people with schizophrenia who also show impaired PPI (eg, Braff et al, 1978 Braff et al, , 2001 Swerdlow et al, 2006) . PPF may reflect sustained attention (Dawson et al, 1997) , or sensory enhancement linked with modalityspecific selective attention (Anthony, 1985) . PPF is a relatively less studied phenomenon.
PPI shows sensitivity to sex in healthy populations with several studies reporting less PPI in young women, when tested regardless of where they are in their menstrual cycle, than young men (Swerdlow et al, 1993 (Swerdlow et al, , 1999 Abel et al, 1998; Kumari et al, 2003 Kumari et al, , 2004 Kumari et al, , 2008 Aasen et al, 2005) . A sex effect in PPI (women less than men) has also been reported in rats (Koch, 1998; Faraday et al, 1999) and mice (Ison and Allen, 2007) . Furthermore, PPI is sensitive to menstrual cycle status in healthy women, with more PPI observed during the follicular phase relative to the luteal phase in both cross-sectional and within-subjects investigations (Jovanovic et al, 2004) . Sex differences in PPF are less widely studied. Previous studies from our laboratory suggest that women show higher PPF than men (Kumari et al, 2003; Aasen et al, 2005) . There is no published research to our knowledge examining menstrual cycle-related variability in PPF.
In healthy women, lower PPI during the luteal, compared with the follicular, phase is considered to be caused by high levels of the ovarian hormone, estrogen, during the luteal phase (Jovanovic et al, 2004) . However, a recent study (Talledo et al, 2009) found no direct relationship between PPI and estrogen levels in healthy women. Furthermore, within schizophrenia populations, a later age of illness onset, less severe forms of schizophrenia, superior response to antipsychotics, and better functional and social outcomes are reported for women than men with schizophrenia (Castle and Murray, 1991; Faraone et al, 1994; Castle et al, 1995) , supposedly because of a neuroprotective role of estrogen in women (Häfner et al, 1998; Kulkarni, 2009) . Female schizophrenia patients also show greater symptom severity during the periods of low estrogen (eg, postpartum) and lower symptom severity during the periods of high estrogen (eg, pregnancy, Riecher-Rössler et al, 1994) . Clearly, given the relevance of PPI as an important animal model of schizophrenia, more work is needed to understand the role of estrogen in sex and menstrual cycle-related variations in PPI. There may also be a role for progesterone, another ovarian hormone, which shows marked fluctuations over the menstrual cycle (Marshall, 2001 ) and has been implicated in modulation of PPI in experimental animals (Rupprecht et al, 1999; Gogos and Van den Buuse, 2004) . No experimental study, to our knowledge, has directly analyzed relationships between PPI/PPF and fluctuations in estrogen and progesterone over the menstrual cycle.
In this study, we examined menstrual phase-related variability in both PPI and PPF with concurrent assessment of estrogen, progesterone, and testosterone levels. We hypothesized that women would show decreased PPI during the luteal phase, relative to the follicular phase, and this decrease would be more prominent in those showing marked estrogen increases during the luteal phase. An opposite pattern of effects was expected for PPF but with limited confidence given the lack of robust previous data on that part of our investigation.
MATERIALS AND METHODS

Participants and Design
The study initially involved 24 healthy non-smoking regularly menstruating women (aged 18-40 years). Exclusion criteria included: (i) any ear disorder, (ii) lefthandedness, (iii) diagnosis of a psychiatric or neurological disorder or a current or past primary diagnosis of substance misuse (no current drug abuse confirmed with urine toxicology in a sub-sample), (iv) the use of any oral contraceptives, and (v) regular medical prescription. All included participants had 26-30 days menstrual cycle determined using the standard 'counting forward and backward' and intact auditory abilities tested using an audiometer (Kamplex, AS7) at 40 dB (A) (1000 Hz). In all, 19 of the 24 initially recruited women completed the testing on both occasions and, of these 19, 16 women (mean age±1 SD ¼ 24.0, 5.48 years) provided usable data on both occasions. Of the three excluded participants, one had a low response rate (o70% response probability), and two participants had noisy data (unstable baselines; see Startle Response Measurement) on at least one occasion of testing. Of those 16 women who provided usable data on both occasions, luteal 17b-estradiol data were unavailable for one woman because of a technical failure (n ¼ 15 in analyses concerning menstrual phase related change in 17b-estradiol level and relationships between 17b-estradiol and startle measures).
The study employed a within-subjects design. Participants were tested, counterbalanced for menstrual cycle phase, twice: once during the follicular phase (days 1-7, starting from the first day of last menstruation) and once during the luteal phase (days 21-25).
The study was approved by the local research ethics committee. All participants provided written informed consent.
PPI and PPF of the Startle Response
Startle response measurement. Testing took place in a moderately lit soundproof laboratory. A commercial computerized human startle response monitoring system (Mark II, SR Lab, San Diego, California, USA) was used for the delivery of the acoustic startle stimuli and for the recording/scoring of the electromyographic (EMG) activity for 250 ms starting from the stimulus onset. Stimuli were presented binaurally through headphones (Telephonics, TDH 39P). The eyeblink component of the startle response was indexed by recording EMG activity of the orbicularis oculi muscle by positioning two miniature silver/silver chloride electrodes filled with Dracard electrolyte paste (SLE, Croydon) beneath the right eye. The ground electrode was attached to the mastoid behind the right ear. The EMG signal amplification gain control was kept constant for all participants and recorded EMG activity was band-pass filtered, as recommended by the SR-Lab. A 50-Hz filter was used to eliminate the 50-Hz interference. EMG data were scored off-line by the analytic program of this system for response amplitude and latency to response peak (in ms). Latency to response onset was defined by a shift of 20 digital units from the baseline value occurring within 18-100 ms after the stimulus. The latency to response peak was determined as the point of maximal amplitude that occurred within 120 ms from the acoustic stimulus. If the onset and peak latencies differed by more than 95 ms or the baseline values shifted by more than 50 units then the responses were rejected (o5% trials).
Paradigm and procedure. The experimental paradigm was exactly the same as used in Kumari et al (2008) . The pulsealone stimulus was a 40-ms presentation of 115 dB (A) white noise and the prepulse stimulus was a 20-ms presentation of 84 dB (A) noise, both presented over 70 dB (A) continuous background noise. The session began with a 5-min acclimatization period consisting of 70 dB (A) continuous white noise. Participants received 100 startle stimuli in all. An initial pulse-alone trial was followed by 99 trials, in three blocks of 33 trials each. There was a range of prepulseto-pulse intervals to elicit PPI (30, 60, 120, 240, and 480 ms) and PPF (1000, 2000, 3000, 4500, and 6000 ms). Each block had three pulse-alone trials and three trials with each prepulse-pulse-to-pulse interval presented in a pseudorandom order (mean inter-trial-interval ¼ 15 s; range 9-23 s). The session lasted approximately 30 min. Participants were instructed to keep their eyes open during the experiment and not given any specific instructions to either attend to or ignore the auditory stimuli.
Hormonal Assessments
One saliva sample was collected just before and one sample just after, the startle experiment, with two additional samples taken at 30-min intervals to measure 17b-estradiol (chief estrogen), progesterone, and testosterone levels. Saliva steroid concentrations reflect the plasma free concentration, which is the biologically active fraction, and are similar to those observed in cerebrospinal fluid (Schwarz and Pohl, 1992) . Saliva steroid levels correlate highly positively with blood steroid levels (Walker et al, 1984a, b; Vining 1986 ).
Participants were requested not to eat, drink, chew gum, or brush their teeth 30 min before sampling. Otherwise they had to rinse their mouth thoroughly with cold water 5 min prior to sample collection. The participants passed saliva (minimum of 2 ml) through a plastic straw into a 3-ml polypropylene 'Cryovial' (Thermoscientific, Birmingham, UK). Following the manufacturer's recommendation, the samples were frozen at À20 1C and stored. Prior to analysis, saliva specimens collected at the four time points were defrosted, mixed and, after centrifugation at 3500 revolutions per minute (RPM) at room temperature, equal volumes were taken from each specimen to form a pooled specimen. Small aliquots (50 ml) of these pooled specimens were separately analyzed (by AP) in duplicate, for estradiol, progesterone, and testosterone, by Luminescence immunoassay (IBL, Hamburg, Germany). If the difference between the duplicate measurements was more than 10%, then the analysis was repeated. Briefly, using the Genesis 100 Robotic Sample Processor (Tecan UK, Theale, Reading, UK), 50 ml of the test saliva or standard was added to the well of microtitration strips. This was followed by 50 ml of a solution of the enzyme-labelled hormone and 50 ml of the hormone antibody. After an incubation of 4 h at room temperature, the incubation solution was discarded and the wells were washed four times with 250 ml of wash buffer and 50 ml of chemiluminescence reagent added. The luminescence of the bound fraction was measured in a Berthold luminometer (MPL1, Berthold Detection Systems, Pforzheim, Germany), which was linked to MikroWin 2000 Version 4 (Microtek Laborsysteme, Ovoroth, Germany) for immunoassay data processing. Hormone concentrations were read off a calibration graph, constructed from a series of hormone standards. The day-to-day performance of the assays was monitored using each kit's saliva control specimens and also the commercial control sera (Immunoassay-plus, Biorad, Hemel Hempstead, Herts, UK), which had been suitably diluted with each kit's zero standard. For 17b-estradiol, the range of standards was from 0 to 64 pg/ml and the analytical sensitivity was 0.3 pg/ml; intra-assay precision (CV): o10% at 10-40 pg/ml; inter-assay precision ca. 12% at 33 pg/ml. For progesterone, the range of standards was from 0 to 1000 pg/ml and the analytical sensitivity was 2.6 pg/ml; intra-assay precision (CV): o10% at 10-100 pg/ml; inter-assay precision o10% at 20-800 pg/ml. For testosterone, the range of standards was from 0 to 760 pg/ml and the analytical sensitivity was 1.8 pg/ml; interand intra-assay precision (CV) o10% at 20-540 pg/ml (http://www.ibl-hamburg.com/index,l.0.html; reference numbers RE62031 (Testosterone), RE62021 (Progesterone) and RE62041 (17b-estradiol)).
Statistical Analysis
All analyses were carried out using Statistical Package for the Social Sciences (SPSS, version 15) with alpha level for significance testing maintained at pp0.05 unless otherwise specified. All repeated measures with more than two levels employed the Greenhouse-Geisser epsilon (e) correction (uncorrected degrees of freedom are reported with the corrected p-values and the epsilon value).
Startle Measures
PPI and PPF were computed as percentage reduction of the amplitude over pulse-alone trials; PPI/PPF ¼ (a-b)/a Â 100, where 'a' ¼ amplitude over pulse-alone trials, and 'b' ¼ amplitude over prepulse trials. The PPI data were analyzed separately to PPF (because PPF would be expressed as a negative value), following the approach used in previous investigations involving both PPI and PPF (eg, Hazlett et al, 1998; Kumari et al, 2004 Kumari et al, , 2008 .
Menstrual phase-related variability in PPI was evaluated with a 2 Â 5 (Menstrual Phase (follicular, luteal) Â Trial Type (30, 60, 120, 240 , and 480-ms prepulse trials)) repeated-measures analyses of variance (ANOVA) with Menstrual Phase and Trial Type as within-subject factors. Menstrual phase-related variability in PPF was evaluated, separate to PPI, with a 2 Â 5 (Menstrual Phase Â Trial Type (1000, 2000, 3000, 4500, and 6000-ms prepulse trials)) repeated-measures ANOVA.
The influence of Menstrual Phase on initial reactivity was examined using repeated-measures ANOVA on amplitude over the first pulse-alone trial. The effects of Menstrual Phase in the amplitude and habituation of the startle response over the entire session were evaluated by a 2 Â 3 (Menstrual Phase Â Block (three blocks of three pulsealone trails each)) repeated-measures ANOVA. The latencies to response peak were analyzed by 2 Â 6 (Menstrual Cycle Â Trial Type (pulse-alone and PPI/PPF trials)) repeated-measures ANOVA. We did not include Block as a further within-subjects variable when examining Menstrual Phase effects in PPI and PPF because of missing values (no measurable startle responses) in three luteal or follicular participants during one or other PPI/PPF condition in the second or third block (one follicular participant, 60-ms prepulse condition in block 2; one luteal participant, 480-ms condition in block 3; one follicular participant, 1000-ms condition in block 3). We, however, confirmed the effects of menstrual cycle phase in PPI and PPF observed over the entire session with further analyses restricted to the first block of trials. The order of menstrual phase (luteal first, follicular first) was initially included as a betweensubjects factor in all the analyses described above but then excluded as it had no significant main or interaction effects in any of the measures.
Cyclic Fluctuations in Sex Hormones and Their Relationships to PPI and PPF
The changes in 17b-estradiol, progesterone, and testosterone levels as a function of menstrual cycle phase were analyzed (separately) using one-way repeated-measures ANOVAs. Correlational analyses (Pearson's r) examined the relationships between (a) hormonal levels and PPI and PPF, separately at the two menstrual phases, and (b) changes in hormonal levels and changes in PPI and PPF from the follicular to the luteal phase. To restrict the number of correlations performed, only 120-ms PPI and 4500-ms PPF scores were examined as these were the most effective intervals.
RESULTS
Startle Measures
Prepulse inhibition. The analysis of the first block of trials revealed a strong trend for the main effect of Menstrual Phase (F (1,16) Prepulse facilitation. There was only a significant main effect of Menstrual Phase (F (1,16) 
Initial Startle Reactivity, Response Amplitude, and Habituation
Menstrual Phase had no effect in initial startle reactivity (F ¼ 0.75) ( Table 1 ). There was strong habituation during both menstrual phases over three blocks of pulse-alone Table 2 ). The 17b-estradiol levels did not correlate significantly with PPI or PPF during the follicular or the luteal phase (Table 3) . The changes from the follicular to the luteal phase in 17b-estradiol and PPI/PPF levels were also not directly correlated (Table 3 ).
Progesterone. There was a strong main effect of Menstrual Phase (F (1,15) ¼ 26.60, po0.001) revealing a higher level, on average, during the luteal phase, compared with the follicular phase (Table 2) . A larger increase in progesterone level was associated with a smaller decrease in PPI from the follicular to the luteal phase (Table 3) .
Testosterone. Testosterone level was not significantly affected by the Menstrual Phase (F ¼ 0.57) and (Table 2) and showed no significant association with PPI or PPF either during the follicular or the luteal phase.
DISCUSSION
The findings confirmed our hypothesis of reduced PPI during the luteal phase, compared with the follicular phase, in healthy young women. We also found an increase in PPF from the follicular to the luteal phase. The amplitude and habituation of the startle amplitude were not different between the two phases. We did not find support for our hypothesis of a direct correlation between changes in PPI/ PPF and estrogen levels. A greater increase in progesterone was associated with a smaller reduction in PPI from the follicular to the luteal phase. 
Ovarian hormones and human sensorimotor gating V Kumari et al
The finding showing less PPI during the luteal phase, compared with the follicular phase, is consistent with earlier published data on this topic Jovanovic et al, 2004) . This study also revealed less PPI but more PPF during the luteal phase and vice versa for the follicular phase. We earlier suggested that 'gender differences in human sensorimotor gating might represent a general downshift in the inhibition curve and upward shift in the facilitation curve in women compared with men' (Kumari et al, 2003) . The findings of this study suggest that less PPI/more PPF pattern in young healthy women, relative to young healthy men, may be even more pronounced when women are in the luteal phase of their menstrual cycle. The pattern of observed effects may also differentiate healthy women (generally associated with low PPI compared with healthy men) from patients with schizophrenia. Schizophrenia is associated (where examined) with reductions in both PPI and PPF (reviewed in Kumari et al, 2004) whereas cyclic fluctuations in ovarian hormones appear to change PPI and PPF in opposite directions in healthy women. There may be an evolutionary significance of changes in information processing profiles of young women over the menstrual cycle.
Progesterone is considered to possess psychotropic properties in addition to its role in reproductive endocrinology (Rupprecht, 2003) . The finding showing a beneficial effect of progesterone at the luteal phase (ie, less reduction in PPI) may be akin to the reversal of apomorphine-induced disruption of PPI by progesterone in the rat observed by Rupprecht et al (1999) . Rupprecht et al (1999) also showed the reversal of apomorphine-induced disruption of PPI by haloperidol and suggested that progesterone has 'atypical antipsychotic-like effect' because, unlike haloperidol, it did not induce catalepsy and did not antagonize amphetamineinduced stereotypy. This may be related to the involvement of progesterone in multiple receptor systems. Progesterone is known to modulate the release of dopamine (Dluzen and Ramirez, 1990; Ramirez and Zheng, 1996) , to act as a functional antagonist at 5-HT3 receptors (Wetzel et al, 1998) , as well as to play a role in the control of nicotinic cholinergic receptors (Valera et al, 1992) . Given the known sensitivity of PPI to dopaminergic, serotonergic, glutamatergic, and cholinergic systems (Swerdlow and Geyer, 1998; Geyer et al, 2001) , the data available so far do not allow us to speculate, which of these systems might be most pertinent to the effects of progesterone in PPI of healthy young women. Nonetheless, the present finding can be taken to suggest differential effects of progesterone and estrogen, or at least their complex interactive effects, in menstrual cycle-related variability in PPI/PPF.
In animal studies, different patterns of changes in cognitive performance are reported when rodents are treated with each steroid alone or co-administered, and the effects are dependent on the age, dosing regimen, and task characteristics (for reviews, see Rupprecht, 2003; Daniel, 2006; Pluchino et al, 2009) . Progesterone is reported to enhance cognitive performance, independent of estrogen, in young adult rodents (Frye and Lacey, 2000) and to enhance performance of aged mice on tasks mediated by the prefrontal cortex and the hippocampus but not on those medicated primarily by the amygdala, striatum and the cerebellum (Frye and Walf, 2008) . There is also previous evidence of better performance on prefrontal lobe-based cognitive tasks in healthy young women during the high progesterone early luteal phase (Solis-Ortiz et al, 2004) . More recently, Solís-Ortiz and Corsi-Cabrera (2008) have shown increased sustained attention by progesterone during the early luteal phase and increased visual spatial memory by estrogens during the ovulatory phase in healthy young women. A high level of progesterone in our study was associated significantly with a lower decrease in PPI from the follicular to the luteal phase (and nonsignificantly with an increased in PPF which, as noted in the Introduction section, is considered to reflect sustained attention). Recent neuropsychological studies have suggested susceptibility of PPI to cognitive processes controlled in a 'top-down' manner by the frontal cortex and shown that greater PPI in healthy people covaries with superior performance on tasks that rely on the integrity and efficiency of frontal lobe function (Bitsios and Giakoumaki, 2005; Bitsios et al, 2006; Giakoumaki et al, 2006) . Given these data and the presence of progesterone receptors in the frontal cortex (Blaustein, 2003) , the beneficial effect of progesterone in PPI is may be mediated, at least in part, via frontal lobes. Attention to the prepulses, especially at long lead intervals (4100 ms), produces an increase in PPI (Dawson et al, 1997) so it possible that progesterone-related increase in attention served to offset some disruption of PPI during the (high estrogen) luteal phase.
Considering possible restoration by progesterone of luteal phase PPI disruption in this study within the context of schizophrenia, women are more susceptible to the onset of schizophrenia after menopause and during the post-partum period (Häfner et al, 1993) . This effect can be attributed to a drop in progesterone level (Shulman and Tibbo, 2005) . Studies have also reported high progesterone levels in unmedicated chronic patients in response to metabolic stress (Breier and Buchanan, 1992) but normal progesterone levels in medicated early psychosis (Oades and Schepker, 1994) as well medicated chronic schizophrenia patients (Taherianfard and Shariaty, 2004) . Progesterone has been suggested to act as an endogenous antipsychotic and serve to restore normal functions during the times of stress (Shulman and Tibbo, 2005) . Further support for this notion comes from the reports that progesterone metabolite 3a, 5a-THP produces a behavioral profile similar to that of dopamine receptor antagonists by increasing GABAergic tone in rodents (Motzo et al, 1996; Khisti et al, 1998 Khisti et al, , 2002 . Other data in rodents show increases in cortical progesterone and/or 3a, 5a-THP concentrations with olanzapine (Marx et al, 2000 (Marx et al, , 2003 and clozapine (Barbaccia et al, 2001; Marx et al, 2003) , but not with haloperidol (Barbaccia et al, 2001) . It is possible that antipsychotics-induced increases in progesterone contribute to the clinical effects of these drugs (Barbaccia, 2004; Marx et al, 2006) . This study failed to find a direct association between changes in estrogen and PPI levels. It is possible that reduction in PPI at the luteal phase is not fully explained by changes in estrogen and also includes the influence of hormones, such as oxytocin. Oxytocin varies across the menstrual cycle in non-pill user healthy young women (lower during the luteal phase compared with the follicular and ovulatory phases; eg, Salonia et al, 2005) , and shown recently to have influence in PPI, via glutamatergic component, in experimental animals (Caldwell et al, 2009 ). This study may also be limited by relatively smaller fluctuations in estrogen, relative to progesterone. However, saliva 17b-estradiol and progesterone concentrations obtained in this study are within the normal range quoted by the manufacturer of the kit (IBL Immunono-Biological Laboratory, 2009). Our data are also in agreement with those of a number of other studies, which observed 3-8 times higher salivary progesterone levels during the luteal phase, relative to the follicular phase (Walker et al, 1984a; Lipson and Ellison 1996; Gandara et al, 2007) , and relatively smaller changes in salivary estrogen levels between the two menstrual phases (Walker et al, 1984a; Read 1993; Chatterton et al, 2005) . Further studies with data collection over more than two time points during the menstrual cycle and relatively larger samples are required to confirm and extend the present findings.
In conclusion, this study observed more PPI during the follicular phase and more PPF during the luteal phase with comparable level of startle amplitude and habituation during the two phases. A larger increase in progesterone level was associated with a smaller decrease in PPI from the follicular to the luteal phase. No direct significant association occurred between changes in PPI and estrogen levels. The findings confirm previous reports of lower PPI during the luteal compared with the follicular phase, and suggest a role for progesterone, more specifically an antipsychoticlike action of progesterone during the (high estrogen) luteal phase in PPI of healthy young women.
